The epithelial-mesenchymal transition (EMT) process is a crucial step for tumor invasion and metastasis. Previous research investigating EMT has mostly focused on its role in cancer progression. Recent studies showed that EMT and EMT-driving transcription factor (EMT-TF) expression are early events in lung cancer pathogenesis, implying a potential association between EMT and lung cancer risk. In this study, we examined whether genetic variants in EMT-related genes are associated with risk of non-small cell lung cancer (NSCLC). We used data from a genome-wide association study of 1482 NSCLC cases and 1544 healthy controls as the discovery phase, in which we analyzed 1602 single-nucleotide polymorphisms (SNPs) within 159 EMT-related genes. We then validated the significant SNPs in another 5699 cases and 5815 controls from the National Cancer Institute lung cancer genome-wide association study. Cumulative effects were evaluated for validated SNPs, and a gene-based test was performed to explore gene-level association with disease risk. In the discovery phase, 174 SNPs demonstrated significant associations with NSCLC risk. In the validation phase, seven SNPs mapped to EGFR, NOTCH3, ADGRF1 and SMAD3 were confirmed. Cumulative effect analysis of the significant SNPs demonstrated increasing risk with the number of unfavorable genotypes in the discovery and validation datasets. Genebased analysis implicated ADGRF1, NOTCH3 and CDH1 as significant for NSCLC risk. Functional prediction revealed several potential mechanisms underlying these associations. Our results suggest that EMT-related gene variants may be involved in susceptibility to NSCLC; if confirmed, they might help identify higher-risk individuals.
Introduction
Lung cancer is the leading cause of cancer-related mortality worldwide (1) . In the United States, an estimated 224 390 new cases and approximately 158 080 deaths are expected to occur in 2016 (2) . Although it is primarily caused by environmental exposure, growing evidence has implied genetic factors in susceptibility to this disease. Recent large-scale genome-wide association studies have extensively evaluated the association between genetic variants and lung cancer risk, with multiple significant cancer-risk loci being identified (3) (4) (5) (6) (7) (8) (9) (10) (11) . Despite these discoveries, additional loci that do not exceed the commonly used genome-wide significance threshold (P < 5 × 10 −8 ) may still exist and remain to be identified (12) .
Epithelial-mesenchymal transition (EMT) is essential during embryonic development, when polarized immotile epithelial cells give rise to motile mesenchymal cells, allowing them to adopt a migratory and invasive behavior (13) . EMT is driven by some transcription factors (e.g. Snail, Zeb and Twist), together with epigenetic and post-translational regulators, and is characterized by the loss of cell adhesion, downregulation of epithelial markers (E-cadherin, occludins and claudins) and upregulation of mesenchymal markers (vimentin, fibronectin and N-cadherin) (14) . The abnormal induction of EMT in cancer cells has been linked to their disassociation from the primary tumor and initiation of metastasis (14, 15) . It has been well established that the EMT process is a crucial step in the invasion-metastatic cascade, linked with immunosuppression and with chemotherapy and immunotherapy resistance (16) . However, the observations that EMT-TFs are expressed in non-invasive tumors and that EMTTFs have antiapoptotic effects under stress conditions suggest that EMT can be initiated in the early stages of tumorigenesis, long before the completion of the trans-differentiation process and initiation of tumor metastasis (17) . For lung cancer, recent studies also showed that EMT and EMT-TF expression are early events in lung cancer pathogenesis, supporting a biologic basis for a relationship between the EMT process and lung cancer susceptibility (18, 19) .
Given the important role of EMT in lung cancer pathogenesis, we examined whether genetic variants in EMT-related genes are associated with non-small cell lung cancer (NSCLC) risk using a large two-phase genetic association study that analyzed 1602 single-nucleotide polymorphisms (SNPs) in 159 EMTrelated genes.
Materials and methods

Study population and data collection
Study participants signed the informed consent and the study was approved by the Institutional Review Board of MD Anderson Cancer Center. The study design and participant recruitment for the discovery phase were described previously (20, 21) . Briefly, cases were identified from an ongoing lung cancer case-control study at MD Anderson. All patients were newly diagnosed and histologically confirmed to have NSCLC from 1995 through 2008. There were no age, sex, ethnicity or disease stage restrictions on case recruitment. The controls were healthy individuals with no prior history of any type of cancer (except for non-melanoma skin cancer) who were recruited from a Kelsey Seybold Clinic located in the Houston metropolitan area. A structured questionnaire was used to collect epidemiological data for all participants. A total of 1482 cases and 1544 controls were included in the discovery stage.
In the validation phase, the genotype data for cases and controls were obtained from the genome-wide association study lung cancer dataset from the Database of Genotypes and Phenotypes (dbGAP) (dbGAP Study Accession number phs000336.v1.p1) (6, 22) . This dataset consists of 5699 NSCLC and 5815 controls.
Genes and SNP selection
Genes whose expression can predict that NSCLC had undergone EMT and genes involved in the EMT pathway were selected (15, 17, 23) . Overall, 159 genes were identified based on an extensive survey of the literature on EMT in cancer and NSCLC pathogenesis (Supplementary Table 1 is available at Carcinogenesis Online). The UCSC Genome Browser was used to obtain the chromosome positions of the start and end of each gene. We used data from the International HapMap Project for tagging SNPs identification. For each gene, tag SNPs located within 10 kb of the transcribed intervals were selected. The Tagger pairwise method (Broad Institute, Cambridge, MA) was used for tagging SNPs selection with r 2 of 0.8 or higher and allele frequency of at least 0.05 in Caucasians. In addition, potential functional SNPs in the coding region, 5′-untranslated region, 3′-untranslated region, promoter region or splice sites were also included. A total of 1602 SNPs were identified for genotyping analysis.
Genotyping
Genomic DNA had been isolated from peripheral blood using the QIAamp DNA extraction kit (QIAGEN, Valencia, CA). Genotyping and quality control for the cohort in the discovery phase have been previously described (7, 24) . Briefly, genotyping was carried out using Illumina HumanHap 317k, 610k and 660k BeadChips. Quality control filters included samples or SNPs with a call rate of at least 95% and minor allele frequencies of at least 0.01. The same approach was used for the validation phase.
Statistical analysis
All statistical analyses were two-sided. Statistical analysis in the study was performed using Plink and Intercooled Stata 10.0 statistical software package (StataCorp LP, College Station, TX) (25) . Deviations from the Hardy-Weinberg equilibrium were evaluated by calculating and then comparing the observed and expected frequencies of genotypes using the χ 2 test. Differences between the case and control subjects were compared by the χ 2 test or Fisher's exact test for categorical variables and by Student's t-test for continuous variables. Univariate and multivariate logistic regressions were applied in both the discovery and validation phases to estimate odds ratios (ORs) and 95% confidence intervals (CIs) for each variant while adjusting for age, sex and smoking status in discovery phase and for age and sex in validation phase. Risk associations between genotypes and NSCLC susceptibility were estimated by OR using three different genetic models (dominant, additive and recessive models) to define the bestfitting model with the most significant P value, and only the best-fitting models were reported. Results of discovery and validation studies were polled by meta-analysis. The fixed-effect model is selected if the result of Cochran's Q test for heterogeneity is 0.05 or higher; otherwise, a randomeffect model would be adopted.
Cumulative analysis was performed to evaluate the cumulative effect of multiple variants on NSCLC risk. Unfavorable genotypes were divided into three groups according to the number of unfavorable genotypes in subjects (low risk: fewer than three unfavorable genotypes, median risk: three or four unfavorable genotypes and high risk: five to seven unfavorable genotypes). The group with the lowest risk was used as the reference group.
For gene-based testing, we used Versatile Gene-based Association Study (VEGAS) to summarize the effect of individual variants within each specific gene (26) . For a defined gene, an extended range of 10 kb up-and downstream was used. SNP IDs and their corresponding P-values were inputted in the offline version of the program, which then produced the gene-based P-values for each gene.
For in silico functional assessment, online database HaploReg v4.1 was used for functional annotation and to identify proxy variants in high linkage disequilibrium (r 2 > 0.8) with candidate SNPs (27) . Another variantcentered interactive tool, SNiPA, was applied to predict the expression quantitative trait locus (eQTL) effects for each variant we examined (28) .
Results
Characteristics of the study population
The characteristics of our discovery phase population are presented in Table 1 . There were 1482 cases and 1544 controls in the discovery set, with no significant difference in the mean age between the two groups. Compared with the cases, the control group contained a significantly larger proportion of male participants. There was a statistically significant difference with regard to smoking status between the cases and controls (P < 0.001); specifically, more cases than controls were current smokers (37.2 versus 31.3%, respectively). There were 5699 cases and 5815 controls in the validation set; as in the discovery set, the age distributions for the two groups were similar and there were significantly more male participants in the control group (6 
Risk associated with individual EMT-related gene SNPs
In the discovery phase, we screened 1602 SNPs within 159 EMT-related genes. None of these SNPs were deviated from Hardy-Weinberg equilibrium after adjustment for multiple testing (data not shown). We identified 174 SNPs with P values < 0.05 that were significantly associated with NSCLC risk (Supplementary Table 2 is available at Carcinogenesis Online); 10 SNPs remained significant after validation in the dbGAP dataset. We selected tagged SNPs at an r 2 threshold of ≥0.8 to filter out highly correlated SNPs; 7 of the 10 SNPs met this criterion. These tagged SNPs were mapped to EGFR, ADGRF1 (GPR110), NOTCH3 and SMAD3 (Table 2) . Among these SNPs, the SNPs from EGFR [rs884904 (AA+AG) and rs7809332 (CC+CT)] and from NOTCH3 [rs3815188 (AA+AG) and rs2238643 (TT+TC)] were associated with decreased risk of NSCLC, whereas the SNPs from ADGRF1 [rs6941183 (TT+TC) and rs1226500 (AA+AC)] and the SNP from SMAD3 [rs2118610 (TT+TC)] were shown to be associated with increased risk of NSCLC.
Cumulative effects of genetic variants on NSCLC risk
To determine the combined effect of multiple genetic variants, the cumulative effect of the seven SNPs was assessed. We observed a dose effect in both the discovery and validation phases, with P-values of 3.84 × 10 -6 and 6.37 × 10 -4 , respectively. In the discovery phase, compared with patients with fewer than three unfavorable genotypes, patients carrying three to four unfavorable genotypes had a 1.34-fold increase in risk (95% CI, 1.04-1.71; P = 0.02), and patients carrying five to seven unfavorable genotypes had a 1.69-fold increase in risk (95% CI, 1.33-2.15, P = 1.83 × 10 -5 ). In the validation population, we did not observe a difference in the risk of developing NSCLC in patients with three to four risk genotypes compared with those with fewer than three risk genotypes (P = 0.61), but patients with five to seven unfavorable genotypes had a significantly higher NSCLC risk (OR, 1.18; 95% CI, 1.03-1.33; P = 0.012). To illustrate the effect per increase in 1 unfavorable genotype, we calculate the OR for trends, this yielded an estimated OR of 1.12 and 1.06 in the discovery and validation population, respectively. This means that, compared with those subjects with no unfavorable genotype, the OR for NSCLC risk in individuals with 5 unfavorable genotypes would be 1.76 (1.12 5 ) in the discovery and 1.34 (1.06 5 ) in the validation phases. For those carrying 6 unfavorable genotypes, the OR will increase to 1.97 and 1.42 for discovery and validation phase, respectively (Table 3) . We also examined the cumulative effects stratified by smoking status in the discovery population and did not find any significant difference between ever-smokers and never-smokers (Supplementary  Table 3 is available at Carcinogenesis Online).
Versatile Gene-based Association Study
To identify candidate genes influencing NSCLC risk, we conducted a gene-based analysis using the SNPs from the discovery and validation datasets. For the discovery phase, SNPs in 39 candidate genes were significantly (P < 0.05) associated with the risk of NSCLC (Supplementary Table 4 is available at Carcinogenesis Online). The results for three candidate genes, ADGRF1, NOTCH3 and CDH1, were confirmed in the validation dataset (Table 4) . Interestingly, none of the individual SNPs genotyped in CDH1 were validated to be significantly associated with NSCLC risk.
In silico functional prediction
Online databases, including HaploReg v4.1, SNiPA and GTEx, were applied to predict the potential mechanisms underlying the identified associations and determine proxy variants of the identified variants. HaploReg identified one SNP (rs2118610) that was located in promoter histone marks and five SNPs (rs884904, rs1226500, rs3815188, rs2238643 and rs2118610) that were located in enhancer histone marks. All seven SNPs were predicted to alter regulatory binding motifs, and three SNPs (rs884904, rs1226500 and rs2118610) were located in DNase hypersensitive sites (Table 5) . We found that SMAD3: rs2118610, an intronic variant, have a functional effect via its predicted location in promoter histone marks, and we identified it as a direct eQTL regulating the expression of SMAD3. Several other potential causal variants within SMAD3 that we identified in the HaploReg database included rs7178117, rs1545161 and rs6494633. These intronic variants were also predicted to have direct regulatory effects on SMAD3 through eQTL with SMAD3. NOTCH3: rs3815188, a synonymous variant, was identified as a potential cis-eQTL with one gene: ILVBL, located approximately 70 kb upstream from NOTCH3. The intronic variant TT+TC genotype of ADGRF1: rs6941183 was associated with increased risk of NSCLC. Although we did not find any significant association of this SNP with ADGRF1 mRNA expression levels in the databases, we did find that a proxy SNP (rs16875384) showing high linkage disequilibrium with this SNP has been reported to have direct eQTL effects on ADGRF1 (P < 1.00 × 10 -16 ) in lung tissue (29) . We also conducted eQTL analysis using TCGA data to examine whether the seven SNPs were associated with altered gene expression. For SNPs without genotyping data in TCGA, the linked SNPs (r 2 > 0.80) identified from HaploReg (v4.1) were used for analysis. As shown in Supplementary Table  5 , which is available at Carcinogenesis Online, we found significant associations of rs7245563 and rs7178117 with NOTCH3 and SMAD3 mRNA expression levels, respectively. A borderline significance (P = 0.073) was also noted for rs1552633 and ADGRF1.
Discussion
Previous studies on EMT-related genes have mostly been limited to their expression and cancer invasion and metastasis. Recent study by Amankwah et al. (30) investigated EMT-related gene variants and susceptibility of epithelial ovarian cancer, and did not observe significant association. We hypothesized that genes implicated in the EMT process may influence the risk of NSCLC. The results of this two-stage study support our hypothesis; we identified seven SNPs of EMT-related genes that were associated with NSCLC risk. Two of the identified SNPs are within the EGFR gene. EGFR is a member of a family consisting of four related members of transmembrane receptor tyrosine kinases (31) . It is important for cell proliferation, differentiation, migration and resistance to apoptosis (32) . EGFR is frequently overexpressed or mutated in NSCLC and is of prognostic significance (33) . Studies have demonstrated that the activation of the EGFR pathway induces EMT in NSCLC (34) . Furthermore, the pathway is also involved in tumorigenesis; EGFR ligands are expressed in NSCLCs and may activate EGFR by autocrine loops, subsequently leading to the stimulation of downstream signaling pathways, driving the malignant phenotype (35) . Previous studies have reported several SNPs within EGFR to be associated with lung cancer risk (36) (37) (38) (39) . In our study, EGFR: rs884904 and rs7809332 were validated to be associated with decreased risks of developing NSCLC. Interestingly, rs7809332 (CC + CT) was previously identified as a protective genotype in a study conducted in Asian never-smoking women (39) . Further functional studies are warranted to address the mechanism underlying this association.
Both the individual SNP analysis and the gene-level test implicated the ADGRF1 gene as a predictor of NSCLC risk. ADGRF1 is an orphan G-protein-coupled receptor-a receptor with limited known function. Previous studies reported this cell surface protein to be an oncoprotein that is overexpressed in lung cancer (40, 41) . A later study found that ADGRF1 mRNA expression was positively correlated with E-cadherin (CDH1) and negatively correlated with vimentin and N-cadherin (CDH2), suggesting a potential role of ADGRF1 in the EMT process (23) . We identified ADGRF1: rs6941183, an intronic variant, as a significant variant associated with NSCLC risk in both the discovery and validation populations. Our functional prediction found that one 3′-untranslated region variant, rs16875384, was in high linkage disequilibrium with this SNP, which has been described as a strong eQTL for ADGRF1 in human lung tissue (29) . Although the association between ADGRF1 and lung cancer remains largely unknown, gene expression analysis based on Oncomine and public gene expression (GEO33479) datasets showed overexpression of ADGRF1 in lung squamous dysplasia or cancer specimens, suggesting there might be a role of this gene in lung carcinogenesis (Figure 1 and Supplementary  Figure 1 is available at Carcinogenesis Online). Notch signaling plays a crucial role in the development and homeostasis of most tissues. Dysregulation of Notch signaling has been reported in various types of diseases, including lung carcinogenesis (42, 43) . As one of the candidate genes was significant in our gene-based analysis, NOTCH3 is expressed in NSCLC and plays a tumor-promoting role in the context of cell adhesion and EMT (44) . Using a public gene expression data, we observed an upregulated expression of this gene in multiple steps of lung carcinogenesis (Supplementary Figure 2 is available at Carcinogenesis Online). Apart from its expression in cancer cells, we found in Protein Atlas that Notch3 was also expressed in immune cells in multiple cancer sites including lung cancer. Interestingly, previous studies indicated that high level of Notch3 might result in reduced T-cell activation (45) . Later study demonstrated that Notch3 overexpression could trigger the trans-activation of Foxp3 promoter and positively regulate the expression of Foxp3, which is a marker of regulatory T cells (46) . These studies suggested that Notch3 might be associated with an inhibitory immune microenvironment. Analysis of the discovery and validation samples supported association of two genetic variants genotyped in NOTCH3, rs3815188 and rs2238643 with NSCLC risk. The risk alleles were associated with reduced NSCLC risks in our study. Rs3815188 is a synonymous SNP that does not alter the resultant protein sequence. However, the literature has shown that synonymous SNPs may directly alter miRNA binding or protein folding or affect mRNA expression (47) . Alternatively, this SNP may represent a tagging SNP that tags other functional SNP(s), which warrants further investigation. The other identified SNP, rs2238643, is located in the intronic region. Interestingly, we identified a potential cis-eQTL for these two variants with ILVBL, a gene that is approximately 70 kb upstream from NOTCH3.
Smad3 is a critical transcriptional factor that, through transcriptional regulation, controls the expression of transforming growth factor-β1 and its target genes (48) . Compelling evidence supports a central role of Smad3 in transforming growth factor-β-dependent EMT associated with tumor progression and metastasis. Lin et al. (49) reported that genetic variants in SMAD3 were potential predictors of overall survival in NSCLC patients treated with chemotherapy. Previous studies also demonstrated that interference with endogenous Smad2/3 signaling enhanced the malignancy of xenografted tumors of premalignant and well-differentiated tumor cells, suggesting a relationship between this gene and tumorigenesis (50, 51) . Our results indicated that SMAD3: rs21188610, an intronic variant, was associated with NSCLC risk. Functional prediction implicated this variant as a direct eQTL regulating the expression of SMAD3, suggesting that it is located within a region that directly affects SMAD3 expression, potentially through the modulation of the promoter flanking region (52) . Although our results indicated only a moderate effect of individual SNPs on NSCLC risk, we found that an increasing number of unfavorable genotypes significantly increased risk of NSCLC in the cumulative analysis. It may be possible to use the combined information from the seven SNPs to assess an individual patient's risk of NSCLC, but more validation must precede any such risk assessments.
While our study has relatively large sample size and a twostage study design that included a total of 7181 cases and 7359 controls, there is also limitation. Our findings may not be generalized to other ethnicities as our population are mainly limited to non-Hispanic whites. However, our study may also benefit from this as the homogenous population may reduce the effects of population heterogeneity. Additional studies are needed to examine the association of the validated SNPs with NSCLC risk in other racial/ethnic groups.
In summary, the present study suggests that multiple common germline SNPs in EMT-related genes play a significant role in susceptibility to NSCLC. Future studies are needed to confirm these findings and elucidate how these SNPs are involved in NSCLC etiology.
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